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ABSTRACT
CHINWENDU ONWUBIKO: Studies on the Role ofFolding ofthe Cro Protein in the
Genetic Switch ofthe Bacteriophage Lambda
(Under the direction of Michael C. Mossing)
The Cro protein plays a critical role in the genetic switch, which governs the life
cycle ofthe lysogenic bacteriophage lambda. Cro is a slow folding protein. The aim of
this thesis is to test the idea that the folding rate of Cro has a direct effect on the
dynamics of gene regulation in living cells. One way to test this hypothesis is to increase
the rate offolding inside cells. SlyD is a peptidylprolyl isomerase that increases the rate
of Cro folding in vitro. Strains of E.coli with varying levels of SlyD were infected with
the lambda virus and the lysogenization frequency was determined for each. Although
different protocols gave different probabilities, the frequency oflysogenization was
significantly altered in SlyD deletion and SlyD overexpression strains. The preliminary
conclusion from the experiment is that SlyD can enhance the fimction of Cro. Several
Cro variants have been constructed that differ in their folding rates in vitro. A second test
ofthe coupling between protein folding and gene regulation involves the construction of
a simplified control circuit to measure the time required for Cro activity to appear after
the induction of transcription. The circuit consists ofthe cro and lac Z gene, which are
controlled by both the lac and lambda operators. Transcription that is initiated by
induction ofthe lac repressor will continue until the accumulation of active Cro repressor
in sufficient quantities to repress its own synthesis and the synthesis of p-galactosidase.

IV

We have begun the construction ofthis hybrid control sequence. Our results indicate that
the plasmid that we now have does not contain the correct sequence of genes for our
studies, and so further work will be necessary to obtain the desired product in order to
move forward with the main goal ofthis study.
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CHAPTER 1: Introduction

Every living thing is dependent on genes to sustain its current state oflife.
Humans, like all organisms, have a vast number of genes on which their existence is
based. Not all genes are expressed at once or in the same way: they can result in different
protein products or in different phenotypes. This statement helps to explain the existence
of different cell types in multicellular organisms even though the cells contain the same
DNA sequence. This concept of gene expression is the basis behind the differentiation of
the various organs, tissues and other body parts during development.
A gene is said to be expressed when the coding potential ofthe DNA sequence is
actualized in the production of an RNA or protein molecule. This process starts with the
transcription ofthe DNA template into an RNA sequence. There are a number of
transcription factors and regulatory proteins that bind to the DNA and either promote or
inhibit transcription, eventually resulting in the expression ofgenes. Gene expression is
understood in terms ofthese regulatory mechanisms; however the quantitative details that
determine alternative patterns ofgene expression are less understood. Studies ofthese
patterns can be quite complex, especially in humans, as the human genome is quite large
at 3 billion base pairs. E.coli, a much smaller organism, has 4.6 million bases. The
lambda bacteriophage, which only has 47,000 bases, is widely studied, and is the focus of
the studies of this research group.
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A bacteriophage is the common name given to viruses that infect bacteria cells. Most
viruses follow a lytic hfestyle, in that any cell that becomes infected will be killed in a
short amount oftime. Some viruses, however, have the option ofeither killing the cell
from the start, or living dormant within the host cell for an extended period oftime while
protecting the host cell from further infection. These types of phages are called
temperate phages, and the period of dormancy ofthe virus is known as lysogeny.
The lambda virus is a phage that specifically infects Escherichia coli bacteria.
The lambda bacteriophage is one ofthe most studied phages at this time. The control
sequence in the immunity region oflambda and the proteins that bind to them compose
one of the most studied systems described as the “genetic switch”(Ptashne 1992) which
has served as a model for similar genetic expression and control systems in higher
organisms. This switch is the focus of our study, as well.
The control sequence ofthe lambda phage that we are concerned with is a stretch
of DNA that includes the genes for the Cro and repressor genes and a number ofbinding
sites that are integral in the production ofthe Cro and repressor proteins(Figure 1). The
other important protein in this control oflambda is Repressor, which is the product ofthe
cl gene. Repressor acts in opposition to the Cro protein in the genetic switch mechanism.
Repressor is responsible for keeping the virus in a lysogenic state within the host cell.
The production ofthese proteins begins with an enzyme called RNA polymerase,
which transcribes DNA into RNA that will later serve as a template for the synthesis of a
polypeptide chain. The DNA has specific recognition sites to which the polymerase
might bind called promoters. There are two relevant promoters involved named right
promoter(Pr) and the promoter ofrepressor maintenance (Prm)- When the polymerase is
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Figure 1. The Lambda Control Sequence.
The Cro and Repressor proteins of lambda are products of the cro and cl genes,
respectively, and are controlled by the right promoter (Pr) and the promoter of repressor
maintenance (Prm), respectively. The binding of the Cro or repressor proteins to the
three operator sites Or3, Or2, and OrI regulate transcription by blocking or directing
the binding RNA polymerase to either promoter.
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bound to Pr it will progress towards the right and transcribe the cro gene, while if bound
to Prm it will move in the opposite direction and transcribe the cl gene. Only one ofthe
genes is transcribed at any one time because it is not possible for a polymerase to be
bound to both promoter sites. Sites known as operators guide the binding of polymerase
to either promoter. This section ofthe lambda phage contains 3 such operators: Or3,
Or2, and OrI. Or3 and OrI lie entirely within the Prm and Pr region, respectively.
while Or2 lies between the promoters and extends into both regions. The regulation
comes with the help ofthe Cro and repressor proteins. Cro proteins in the environment
bind to the operators with varying preference, binding first and most strongly to Or3,
then Or2 and OrI. When Cro binds to Or3 and Or2,it blocks Prm fi'om being accessed
by the polymerase. Likewise, if Repressor is more prevalent in the environment, it will
also bind to the operator sites, but in opposite order. So it binds to OrI and Or2 first.
thereby blocking the polymerase fi-om binding to PR(Ptashne 1992).
Once the lambda virus infects a bacterial cell, it can travel either one oftwo paths
(Figure 2). It can become integrated into the host chromosome and maintained intact
during the host cell’s life and passed on during cell rephcation. The lambda virus is
likely to stay in this cycle indefinitely, unless something triggers the phage to follow the
lysis path by an event known as induction. When the phage becomes lytic, the phage
undergoes replication to mass produce the components ofthe vims, assembles into the
viral product, and then bursts the host cell (lysis), releasing all ofthe newly formed phage
into the environment to infect other cells(Herskowitz 1973).
The Cro protein is a small 66 amino acid polypeptide consisting of a one-domain
monomer. Its secondary stmcture consists of3 a-helices and 3 p-sheets(Anderson et al
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Figure 2. The lysis-lysogeny pathways of lambda.
The bacteriophage lambda(shown enlarged to show detail) infects the E.coli cell and
then can follow two possible pathways. In one case, the viral DNA (red) will be
replicated, transcribed, and translated to form the protein coat needed to package the
DNA. When the viral assembly is complete, the viruses will lyse the cell and infect other
cells. Alternatively, the viral DNA may be integrated into the cell’s chromosomal DNA
(blue) to form a lysogen. In this state, the viral DNA is replicated along with the host’s
and is passed on to its progeny. This lysogenized cell can be maintained for 10^
generations. However,if the cell is disturbed in some manner, such as by UV radiation,
the vims will become lytic and begin the lysis process.
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1981). It is found as dimers formed as the two monomers interact by way ofthe
carboxyterminal ends ofthe (3-sheets(Gussin et al 1993) and binds to DNA. Cro
functions in guiding the lambda phage through the lytic cycle(Folkmanis et al 1977).
Cro is the first of many genes that are transcribed and translated as the phage is
multiplying within the host cell. Cro also functions to prevent(or repress)the
transcription ofthe Repressor protein, thereby keeping the phage from becoming
lysogenic. It also acts in a self-regulation capacity. As Cro levels reach a certain
concentration, Cro will essentially shut itself off, terminating the transcription of any
genes thereafter in the process(Takeda et al 1975).
The main hypothesis ofthis study is that the slow folding of Cro influences the
lysis-lysogeny decision oflambda. Based on that assumption, we think that accelerating
or slowing the rate offolding will alter the lysis-lysogeny ratios. Likewise, slow- and
fast-folding variations of Cro will result in different lag times between transcription and
repression.
One way to study the importance of Cro’s rate offolding is to note its affect on
the frequency oflysis and lysogenization. Since Cro controls the lytic pathway, any
changes to the folding ability/speed of Cro will affect the lysogenization frequency based
on the assumption that folding is key to Cro function. By taking this approach, we are
trying to study Cro activity as close to the natural state as possible. However,there are
many other factors within the lambda genome that interact to make the virus lytic or
lysogenic. So it may be difficult to determine whether the lower lysogenization
frequency is due solely to Cro folding or if there are other factors affecting the outcome.
The best way to combat this problem ofpossible interference is to attempt to isolate the
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gene and study it in the absence of all the normal competitive and cooperative genes of
lambda. This proposed approach would also give us more control over the various
aspects ofthe cro gene’s expression.
The overall goal ofthis study is to test whether the slow rate offolding and
assembly of Cro influences the lysis-lysogeny decision ofthe lambda bacteriophage.
Since Cro is a small protein, it is expected to fold quickly(Hard and Hard 2002).
However, a lag time has been observed between the transcription ofthe cro gene and the
time the Cro protein becomes active, which has been attributed to slow folding ofthe
monomeric protein and assembly ofthe monomers to form a dimer(Satumba and
Mossing 2002).
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CHAPTER 2: Do DeDtidvlprolvl isomerases affect the probability of cell Ivsis?

INTRODUCTION
Repressor and Cro are in competition to take control ofthe fate ofthe lambda
vuns. Whichever protein can be transcribed, folded, and activated quicker will “win’
this competition. So if Repressor wins, the virus will become lysogenic and lay dormant
within the host cell. However, if Cro wins, the virus will become lytic and kill the host
cell.
One ofthe events important in determining which protein will become active first
is the folding and assembly ofthe proteins. It is thought that Cro’s slow rate offolding
affects its ability to compete with repressor; therefore, Cro is less likely to be ready to
take action before repressor is.
When Cro is in the unfolded state, bonds ofthe protein between the amino acid
proline and the preceding amino acid are randomly distributed between cis or tram
configurations. For Cro to fold correctly, these bonds need to be fixed in a single
conformation that is compatible with the native structure. In order to achieve this state,
the protein must go through a process known as proline isomerization to change the
nonnative bonds to native bonds. However,this is usually a slow process, and as the
rate-limiting step ofthe folding reaction, it makes the overall folding of Cro relatively
slow (Schmid et al 1993). Enzymes,known as peptidylprolyl cw-Zr^rw^-isomerases (PPI),
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are able to speed up this proline isomerization process(Schmid et al 1993). One specific
PPI is SlyD, which will be used in this study.
The purpose ofthis phase of experimentation is to determine whether factors that
accelerate Cro folding increase the probability oflytic development. To do this, we will
be measuring the lysis frequency in strains ofE.coli with different levels of a
peptidylprolyl isomerase, which should affect the rate of Cro folding. Since this
peptidylprolyl isomerase increases the rate offolding of Cro in vitro(Satumba and
Mossing 2002), it is expected that the strain that is deficient in the isomerase will have
the lowest frequency, while the strain that overexpresses the isomerase gene will have the
highest frequency, compared to a strain with normal levels ofthe gene.

MATERIALS AND METHODS
Media: All liquid cultures grown in plain Luria-Bertani(LB)media and
supplemented as described below. Agar plates were made with tryptone(H medium)
broth(10 g/L Difco Bacto tryptone,8 g/L NaCl)and 12 g/L of agar; kanamycin was
added as needed. H-top agar was made by using tryptone medium and adding only 8 g/L
agar. Suspension medium(SM)contained 5.8 g/L NaCl,2 g/L MgS04»7H20,50 mM
Tris-Cl(pH 7.5), 0.01% gelatin (Difco), H2O to 1 L.
Bacterial Strains and Phages: We used three strains ofE.coli with varying
amounts ofthe prolyl isomerase SlyD. C600 is a basic wild type strain ofE.coli with a
normal amount ofthe SlyD gene. The other strains(RY2699 and RY3131)came from
Ryland Young at Texas A&M University. RY2699 is a lac I- strain that has a null
mutation in the SlyD gene, while RY3131 is the RY2699 strain with a plasmid containing
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an ampicillin resistance and IPTG-inducible SlyD gene under the control oflac

that

results in the overexpression ofSlyD(Roof et al 1994; Roof et al 1997). The phage used
for these experiments is Alcan, which is the wild type A, virus with a resistance to the
antibiotic kanamycin (Little, Shepley, and Wert 1999).
Plating Bacteria: Overnight cultures of each bacterial strain were grown in LB and
0.2% maltose. C600 was supplemented with lOmM MgS04,and RY3131 was
supplemented with ampicillin(100 mg/mL)and either the presence or absence ofEPTG
(0.1 mM). Subcultures were made from the overnight cultures in the same media and
grown to A600 between 0.5 and 1.0. Cultures were centrifuged at 3500 rpm for 10
minutes at room temperature. The supernatant was discarded and the cell pellet was
resuspended in 10 mM MgS04 at one-fourth ofthe original volume. Cells were used
fresh or after up to 7 days of storage at 4°C
Phage Stocks: For an understreak ofthe phages, Akan was streaked on an LB
plate and covered with 3 mL top agar(45°C) containing 100 pL of X90 bacteria cells. A
single fresh plaque was suspended in 1 ml offresh cells by vortexing and added to 3 mL
of H-top agar, vortexed and poured onto pre-warmed LB plate. After the agar solidified,
the plate was incubated at 37°C for 4-6 hours until plaques were visible and at least 90%
of the bacterial lawn was lysed. Three milliliters ofSM was pipetted onto the plate and
the top agar-SM mix was transferred to a 15 mL centrifuge tube. Three drops of
chloroform were added, and the solution was vortexed for 10 sec and incubated for 10
min at room temperature. Solutions were then centrifuged at 3500 rpm for 20 min at
4°C. The clear supernatant was transferred to glass vials and stored for future use at 4°C.
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Titers: The phage and bacteria were titered to determine the number of plaqueforming units(PFU)and colony-forming units(CFU)per milliliter ofstock, respectively.
Serial dilutions (10^, 10^ 10^, 10^) ofeach phage and plating bacteria stock were made in
suspension medium (SM). From the 10^ and 10^ dilutions, 100|jL was plated to a final
dilution of 10^ and 10^, respectively. The bacteria were plated directly on LB plates. The
phage were mixed with 100 pL of X90 cells and incubated for 20 minutes at 37°C, and
then the solutions were mixed with soft agar and plated on LB. After incubation
overnight(37°C), the number of colonies and plaques on each plate were counted and the
CFU and PFU were determined for each.
Lysogeny Tests: All strains were infected by mixing bacteria cells and phage
together at multiplicities ofinfection(MOI = number of plaque forming units/ml divided
by number of colony forming units/ml) of.2(low)and 5 (high). The infected cells were
incubated at 37°C for 20 min (no agitation). After incubation, 100 pL ofinfected cells
were mixed with 100 pL of C600 plating bacteria and added to 3 mL ofH top agar
(preheated to 45°C). The mixture was vortexed and then poured onto H plates. When the
agar solidified the plates were incubated overnight(approximately 16 hours) at 37°C. At
the same time, 100 pL ofthe same infected cells were plated directly on H+kan plates
and incubated overnight at 37°C. The number of colonies and plaques formed on each
plate were counted. The number of colonies per mL on each plate was divided by the
number of plaques formed per mL on the corresponding plate. This resulting number
corresponded to the lysogenization frequency. After running some tests, the procedure
was modified (reason stated later) according to Banuett et al(1986) with the exception of
continuing to use tryptone agar plates instead ofEMB (eosin methylene blue) as they
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suggested. With this modification, after the cells were infected with phage,they were
incubated on ice(0°C)for 20 min to allow for adsorption of phage. The culture was then
allowed to develop by incubation at 30°C for 25 min^ after which they were plated. The
lysogenization fi'equency for high MOI was determined by dividing the CPU by the titer
for each strain; low MOI frequency was determined in the same manner as before.
RESULTS
The lysogenization fi*equencies in Tables 1 and 2 are reported as the average
percentage(+/- standard deviation) obtained for each procedure. The results from the
first method, in which there was a 20 min adsorption time at 37°C,(Table 1) yielded
higher lysogenization frequencies with the low MOI than the high MOI, yet both MOIs
had relatively low frequencies. For both MOIs,RY2699 had the highest lysogenization
frequency—on the order of 10-100 times higher than the other strains. The other strains
follow behind in the following order (highest to lowest): RY3131 without IPTG, C600,
and RY3131 with IPTG. After altering the procedure to allow for extended total
adsorption time (at 0°C then 35°C), most ofthe lysogenization frequencies increased at
least 10 fold (Table 2). However, RY2699 no longer had the highest frequency: for the
low MOI,the highest was C600, and for high MOI the highest was RY3131 with IPTG.
The only things that remained constant with both MOIs were that RY2699 was lower
than C600(though very close in value) and that RY3131 with IPTG was higher than
RY3131 without IPTG. However, at low MOI,IPTG induced RY3131 was almost three
times higher than non-induced RY3131, while at high MOI there is a very slight
difference in frequencies.
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Table 1. Lysogenization frequencies of wild type and SlyD mutant strains reported as
average percentages +/- standard deviation according to the protocol given by Little,
Shepley, and Wert(1999).

Strains
C600
RY2699
RY3131+IPTG
RY3131-IPTG

Low MOI
High MOI
Number of Lysogenization Number of Lysogenization
Frequency
Replicates
Replicates
Frequency
2
0.095+/-0.033
4
1.76+/-1.50
2.18+/-0.61
2
2
49.88+/-15.59
2
0.013+/-0.019
0.19+/-0.27
4
0.141+/-0.129
2
1.75+/-1.08
4

Table 2. Lysogenization frequencies of wild type and SlyD mutant reported as average
percentages +/- standard deviation according to the protocol given by Banuett et al
(1986).
Strains
0600
RY2699
RY3131+IPTG
RY3131-IPTG

Low MOI
High MOI
Number of Lysogenization Number of Lysogenization
Frequency
Replicates
Frequency
Replicates
13.43+7-9.72
11
28.32+/-25.17
11
10.08+/-9.39
12
27.10+/-37.09
12
11
18.18+/-20.96
11.36+7-9.75
12
16.83+7-10.28
12
4.37+7-3.64
12

13

DISCUSSION
Theoretically, RY2699 should have had the highest lysogenization frequency
because it produced no SlyD, and therefore Cro would fold slowly. On the other hand,
RY3131 with IPTG should have had the lowest frequency since it overexpressed the slyD
gene. The results from the first set oflysogeny tests generally agreed with these
expectations. RY2699 had a significantly higher lysogenization frequency than the
strains that produced the peptidylprolyl isomerase SlyD, especially RY3131+IPTG.
However,the observed lysogenization frequencies(except RY2699)were much lower
than have been previously described (Little, Shepley, and Wert 1999). When we altered
the procedure, we had a dramatic increase in the lysogenization frequencies.
Unfortunately, with this increase also came discrepancies in the frequencies. Now,the
RY2699 no longer had the highest frequency on a consistent basis. In fact, all ofthe
frequencies varied from trial to trial, so that no pattern could be discerned. Therefore,
even though the results ofthe tests at the shorter adsorption time were promising, we are
unable to make a conclusion about the affects ofSlyD on the lysogenization frequency of
Cro.
With this method ofexperimentation, we wanted to determine the number of cells
that were infected with phage that would lyse and the number that would form lysogens.
It is not possible to directly count this, so we used the number ofplaques and colonies
were visible on an agar plate. There are two ways that plaques may be formed: 1)the
cells ofthe strains studied become infected and lambda follows the lytic pathway and 2)
there are free virus particles in solution that lyse the cells ofthe plating bacteria.
Therefore, if there is a problem with the phages infecting the target cells, then there will
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be no difference in the number of plaques formed But a problem with infection could
affect the number oflysogens seen. The change in protocol allowed for the virus to have
more time for infection, which should improve the lysogen number. However, giving too
much time may result in a second generation ofinfected cells, in that the cells infected
would lyse, spread virus particles that would in turn infect another group of cells also
causing the number of plaques to increase while the lysogen number would stay the
same. A possible correction for this was carrying out the adsorption at 0°C to allow for
full adsorption, but not allowing for the virus to undergo multiple cycles ofinfection.
It is possible that the results from the first round oftesting were correct, and that
for some reason, these frequencies are expected to be quite low. It is hard to say for sure
that RY3131 did not act as expected because it was compared to C600, which, while it
was wild type for expression of SlyD, was not isogenic to the other two strains. Because
ofthe uncertainty, it would be necessary to redo these experiments to clarify any doubts.
A suggestion would be to repeat these studies with a strain that is both isogenic to
RY2699 and RY3131 and a wild type expresser of SlyD. It would probably be
worthwhile to work with the procedure that was given in Banuett et al(1986), possibly
trying to reproduce their results, and then try to repeat the experiment. One thing that
should be tried is having higher MOI,which has been shown to improve lysogenization
frequencies (Little, Shepley, and Wert 1999). The experiments were performed based on
estimated titers of phage and cell stocks. Ifthe titers were known more exactly and could
be maintained in dilution, then it would be easier to ensure that the intended MOI is
actually realized.
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Kinetic studies of Cro in vitro have shown that proline isomerization is a limiting
factor in Cro folding (Satumba and Mossing 2002). Therefore,iffurther studies lead to
the conclusion that SlyD has no affect on the lysis-lysogeny decision oflambda,it would
be good to check other PPIases. It may be seen that SlyD may not be the correct PPIase
to focus on. E.coli has a number of other PPIases, and each could be tested to determine
whether they would have the desired affect on Cro.
Of comse, there may also be other things that affect Cro’s folding. Maybe this
particular step dealing with the proliue isomerization has been replaced with another slow
step as the rate-determining step, so that even though SlyD accelerated folding somewhat,
there was something else that kept Cro from folding significantly faster(Schmid et al
1993).
It is worth noting that the results ofthe lysogeny tests showed that overall, the
Repressor protein was not wmning the race that determined which path ofthe genetic
switch that lambda would follow. If Repressor was wmning this race then the
lysogenization frequencies would have to be more than 50%, which was not the case.
Thus the conditions ofthese tests were most likely favorable for the lytic pathway. One
of the conditions that could have had an affect was the nutritional status ofthe host cell.
The lambda phage is more likely to become lytic ifthere are plenty ofnutrients around
for the host cell, because there will be more cells to infect upon lysis. Another factor is
the multiplicity ofinfection. Ifthere are many other viruses for lambda to compete with
for infection, then lambda will become lysogenic. Doing so will maintain the virus,
because in the surrounding environment, the other phages are infecting and lysing cells,
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and will therefore soon run out of‘‘victims”. Therefore the lysogen and its offspring will
be the only surviving cells (because they are immune to other infection).

I
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CHAPTER 3: Construction of a simplified reporter system to measure the lag time
between Cro transcription and repression in living cells

INTRODUCTION
The study of genes and how they are expressed has become very important in
today’s scientific world. The simplest way to engage in these studies is to focus on
specific genes in smaller organisms, such as bacteria and/or viruses. The findings that
result fi-om such endeavors can hopefully be applied to larger multicellular organisms.
So various genetic systems have been studied in terms oftheir products and how different
factors affect the activity ofthese products. Focusing on gene expression makes protein
studies easier. So, if we study Cro activity in terms of gene expression, it may allow us
to better understand how Cro works and the various factors that affect its activity.
We have no way to detect the activity ofsome genes. To enable their study, they
may be linked to reporter genes, which will provide a visual or otherwise directly
measurable product. The reporter gene used in this study is the gene in the lac operon
that encodes the protein (3-galactosidase. This particular enzyme and operon system was
chosen because the presence of P-galactosidase can be detected by a simple colorimetric
assay in which presence is indicated by the development of a yellow color.
The lac operon is a sequence in E.coifs chromosome, which codes for enzymes
that aid in the metabolism ofsugars, lactose for example. The operon consists ofthe lac
promoter, the lac operator sites, and the lac I gene, which codes for the lac repressor
(Figure 3). The key part ofthis system is the lac Z gene, which codes for the enzyme P-
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Figure 3. The Lac Operon.
The lac repressor is produced by the lac I gene and is bound to the lac operator(lac
O). When lactose or another inducer (such as IPTG)is present, the repressor
releases the operator DNA and the lac promoter (Piac) is free for RNA polymerase to
bind. The lac Z gene is then transcribed and results in the production of the enzyme
P-galactosidase, which is able to break down lactose.
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galactosidase. In this system, the production of P-galactosidase is controlled by the lac
promoter, which binds RNA polymerase and initiates transcription. This is usually
blocked by the lac repressor (product oflac I) binding to the lac operator site. However,
if lactose is present, it acts as an inducer, binding to the repressor and removing it from
the operator site. This event leads to the transcription and production of P-galactosidase,
which cleaves lactose in order for it (lactose) to be further metabolized. An artificial
inducer can be used instead oflactose; the most widely used lac inducer is isopropyl-BD-thiogalactoside (IPTG).
We propose to couple the lac operon with the cro gene and the lambda control
sequence in order to directly study cro activity. By coupling this system with the lac
operon it allows for the easy control ofthe transcription process. The method ofcontrol
will be better than the observing lysogeny frequencies because it will not be necessary to
optimize adsorption of virus by the cell and remove the variability seen m these
procedures. We vsdll be able to initiate the process ofinduction, in order to know the
exact time elapsed before production of any transcription products. A second approach is
to build our own system in order to isolate the cro gene. This approach takes the previous
approach a step further and makes it even simpler to study. The setup is designed so that
not only can we control the start oftranscription, but we can also study Cro without the
interference ofthe other genes associated with the lysogeny decision or any other lambda
genes that are not directly involved in the production or activity of Cro.
The coupling of Cro to the lac operon puts the production of p-galactosidase
under the direct control ofthe lambda sequence. So, instead of being directed by the lac
promoter,the transcription oflac Z will be regulated by the lambda promoter Pr. Having
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the Cro gene directly upstream from the lac Z gene means that whenever Cro is
transcribed, lac Z will be transcribed as well. We take advantage ofthis placement to
allow for the direct measurement of Cro activity. This measurement is possible because
the level of P-galactosidase should be directly proportional to the amount of Cro protein
within the cell.
The system we have proposed to construct will consist ofan inserted portion of
lambda DNA within the lac operon section of a plasmid or chromosome that already
contains the cro gene. The lambda region to be inserted will include the three right
operator sites(OrI, Or2, Or3), and the associated promoters(Pr andPRM). This segment
ofDNA will be placed between the lac I gene and the lac operator. On the other side of
lac O(downstream)the Cro gene will be located,just upstream ofthe lac Z gene.
This setup relies on the fact that the amount of p-galactosidase produced is
directly dependent on the amount of Cro produced. As Cro accumulates in the cell, it
will bind to the operators as mentioned earlier. This will block the further transcription
of Cro and lac Z. So in the systems in which there is no cro gene, or it has been
inactivated, the production of P-galactosidase is expected to increase linearly over time.
If the cro gene is present, however,the Cro protem will eventually shut offits own
production, and the amount of P-galactosidase produced will level off. The amount of
time between the induction oftranscription and the point at which p-galactosidase
amounts level off is considered to be the time necessary for the production and folding of
Cro into an active protein.
To make this system, we have devised a basic construction plan (Figure 4). The
first step is to make a hybrid lac 1-A.OR-lac O control region from primers and X template

21

lac 0

◄-

I
Or:

Or,

cl

►

Pr

Ori

CTO

4

Prm

o R3

lac I

FrnRI

Pi.

lac 1

P.

lacO

►

Iar7

cro

lac 0

trp

Pn

lacO

Inr I
p„,.

4

>

lad

Or3

o R2

X

PstI

Pr

Ori

lacO

cro

Hind III

’

lacZ

Prm

lacZ

RBS

>

lac I

Or3

lac 0

Ori

cro

RBS

lac Z

4

Figure 4, Schematic Plan for the Construction of the Proposed Cro-Lac System.
The system that we would like to build as shown would have the cro and lac Z genes
under the control of the lambda right promoter (Pr). The portion in purple comes from
the lambda control sequence and has been inserted into the plasmid pUCroRX (see
materials and methods), which is shown in orange. With this setup, Cro and Pgalactosidase will be transcribed simultaneously. When Cro accumulates, it will bind to
Or2 and OrI and block further transcription.
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in a process called polymerase chain reaction(PCR). The PCR product will be used to
replace the lac control region in a Cro-expressing plasmid vector. This vector will have a
broken lac Z gene, and so it will need to be repaired so that it will be able to produce the
desired product, p-galactosidase.

MATERIALS AND METHODS
Media: All liquid cultures and agar plates consisted ofLuria-Bertam(LB)media
supplemented with ampicillin, X-Gal and/or EPTG and 15 g/L ofBacto-agar(Difco) as
necessary. The NZYM media used for transformations is as follows: 10 g NZ amine
(casein hydrolysate), 5 g yeast extract, 5 g NaCl,20 mL of20% glucose, and 12.5 mL of
both IM MgCE and 1 M MgS04 in IL H2O. Solutions for the p-galactosidase assay: Zbuffer composed of 16.1 g/L Na2HP04*7H20,5.5 g/L NaH2P04*H20,0.75 g/L KCl,
0.246 g/L MgS04*7H20,2.7 mL/L p-mercaptoethanol, H20to 1 L adjusted to pH 7.
The substrate for the P-galactosidase assays is o-Nitrophenyl-P-D-galactoside(ONPG)
from Pierce, which was dissolved in Z-buffer to a concentration of4 mg/mL.
Primers: We ordered constructed oligonucleotides from IDT: mmuml 1, a 40 base
pair fragment containing the end ofthe lac I gene and the beginniug ofOr3 oflambda;
mmuml2, a 39 base pair fragment with the end of OrI oflambda and the beginning of
the lac operator sequence; and mmuml3,a 33 base pair fragment containing a ribosome
binding site connected to the starting sequence ofthe lac Z gene(Figure 5).
Plasmid: Our control plasmid was pUC18, which has the normal lac operon. The
plasmid used as the backbone for construction is known as pUCroRX. This was
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Primer MMUMl 1
0R3

lac 1

5’-GC ACiTC > AGCGCAACGCAATTACGTTAAATCTATCACCGCA-3’

Primer MMUMl2

lac 0

OR1

3’-TGGAGACC'GCC'ACTATTACACACCTTAACACTCGCCTAT-5’
Primer MMUM 13

RBS

lac Z

3’-ACGTTGTC'CTTTGTCGATACTGGTACTAATCGA-5’

Figure 5. Primer Sequences.
The DNA sequences of the primers used in our plasmid construction are shown. The
schematic diagrams illustrate what the sequences encode and are matched to their
corresponding sequences(shown in red). RBS stands for ribosome binding site.
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originally constructed by interrupting the lac Z gene with a sequence containing a hybrid
trp-lac promoter and operator and the cro gene. Since the Z gene is interrupted, it is not
transcribed even in the presence of an inducer and is therefore lac Z-. This plasmid also
contains an ampicillin resistance gene.
Polymerase Chain Reaction(PCR): A hybrid lac-X.-lac DNA fragment containing
the end oflac I, Or3-Or2-Or1, and lac O was constructed by PCR using the two primers
mmuml 1 and mmuml2 and a lambda DNA template(Figure 6). This reaction, contained
the following: lx MgCh-free buffer, 2 mM MgCl2,200 pM (each)nucleotide mix
(dNTP), 1.25 units Taq DNA polymerase, 0.5 pg X template DNA,1.0 pM ofprimers
mmuml 1 and mmuml2,in a total volume of50 pL(according to the PromegaPCR Core
Amplification System II protocol). The reactions were run in 200pL- tubes using the
following temperature cycles: denaturation at 95°C for 2 min, annealing at 55°C(1 min),
and extension at 72°C (1 min). These three steps are repeated for 25 total cycles, with a
final extension of 72°C for 5 min and then reactions kept at 4°C indefimtely.
Mutagenesis: The DNA produced from the PCR was purified to remove the
primers and any other DNA using the Qiagen QIAquick PCR Purification Kit. The
purified PCR fragment was used to modify the pUCroRX plasmid template, using
Stratagene’s QuikChange Multi Site-Directed Mutagenesis Kit. In this process, the PCR
fragment hybridizes to the homologous counterpart on the template DNA (the lac I and
lac O regions) and uses the DNA polymerase to add nucleotides to the ends ofthe
fragment, so that it is extend around the template to form an mtact plasmid (Figure 7).
The products of this reaction are 2 plasmids: the original template, which is
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Primer MMUM12
lacO

cl

CTO

Prm ^
lac I

—

Primer MMUMll

Figure 6. PCR amplification of the X control sequence.
The primers MMUM11 and MMUM12 are labeled and located based on their homology
to the template DNA. The dotted arrows indicate the direction of polymerization. The
arrows labeled Pr and Prm indicate the promoters and the direction in which they are
transcribed. Pr is a stronger promoter, which is indicated by the heavier hne.
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Oligonucleotide
Plasmid DNA strand

Extending oli|

EcoRI

Figure 7. Mutagenesis with X Template and PCR Fragment.
The mutagenesis process involves a short fragment of DNA resulting from PCR
(oligonucleotide) binding to a DNA template and extending around the template to form
a complete plasmid (A). Since the template DNA(pUCroRX)has two lac 0 sites, there
are 2 possible sites of homology between the lac O site of the template and that of the
PCR fragment to bind. The colored lines indicate homology. Blue lines represent the
homology selected for. At this point of homology, the EcoRI site would be lost and the
cro gene would be under control of the X sequence and not the lac promoter(B). (Part
A was adapted from the Molecular Biology Web Book.)
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methylated and the newly synthesized DNA containing the lambda region. After
digestion of the products with Dpnl, which only cuts methylated andhemimethylated
DNA, we are left with the newly constructed plasmid. Transformation ofplasmids was as
directed by the Stratagene protocol. Briefly, 1.5 |liL DNA treated with Dpnl was mixed
with 35 pL of XLlOGold competent cells (Stratagene) and 1.5 pL ofp-mercaptoethanol
(to increase transformation efficiency) in a pre-chilled(on ice for 10 min)Falcon 2059
polypropylene tube. After incubation on ice for 30 min, samples were heat pulsed in a
42°C dry bath incubator (Fisher Scientific)for 30 sec. These were then incubated on ice
again for 2 min. Next, 0.5 mL of NZY+ broth preheated to 42°C was added to each tube
and the tubes were incubated at 37°C with shaking at 240 ipm for 1 hour. Finally 100 pL
ofreactions were plated on LB ampicillin agar plates and incubated them overnight at
37°C.
Plasmid Verification: Because ofthe sequence ofthe original pUCroRX plasmid,
there are 2 possible products ofthe mutagenesis, depending on which lac0site serves as
the template for primer extension (Figure 7). The plasmid we are selecting for will
contain the sequence with the larger deletion. To select for this plasmi4 we did a
restriction enzyme digest using EcoRI. After the digest, we ran the samples on a 1%
agarose gel stained with ethidium bromide at 250 V until there was adequate separation,
with the cut and uncut samples in adjacent lanes. We also took those plasmids that were
not cut and amplified the fragment between lac I and lac O by PCR. We then ran a gel
with the amplified fragment and other fragments ofknown size. The position ofthe
bands on the gel determines the approximate length ofthe fragment, which we compared
to the number of base pairs we calculated based on the sequences ofthe plasmids.
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Repairing the lac Z gene: We performed a double restriction digest ofthe
candidate plasmids using the enzymes PstI and Hindlll to remove the polylinker site and
the broken front end of the lac Z gene (Figure 8). An agarose gel ofthe digestion
products was run to see if we could differentiate between cut and uncut DNA. The
restriction enzymes were inactivated by incubating the reaction tubes at 65°C for 15 min.
The DNA was purified using the QIAquick Purification Kit(Qiagen)to be used for
ligation. Since the 5’ end of the MMUM13 primer is not phosphorylated, we kinated the
primer by incubating at 37°C for 1 hr in the presence ofT4 polynucleotide kinase and
ATP. For the ligation, the newly phosphorylated primer was mixed m excess(lOx)ofthe
digested plasmid. T4 DNA ligase (Biolabs) was added along with the accompanying
buffer and incubated at 15°C for 16 hrs. After the ligation reaction, we transformed the
ligated DNA by electroporation. We mixed the DNA with Electroten cells (Stratagene)
in a chilled microcentrifuge tube and then transferred to a chilled electroporation cuvette
in a chilled electroporation chamber. The sample was exposed to an electric pulse of
1700 V for 4 milliseconds. The cell samples were resuspended in 1 mL ofNZYM broth,
transferred to 13-mm tubes and incubated at 37°C for 1 hr with shaking. After
incubation, 100 pL ofeach sample was plated on LB ampicillin plates and incubated
overnight at 37°C. To determine whether the ligation worked as planned, we performed a
restriction digest of the resulting plasmid (extracted fi-om the cells using Quantum Prep
Miniprep kit from BioRad). As a result ofthe double digestion, the polylinker site should
have been removed, including a SphI site. So, we digested the plasmid with SphI to
determine whether the site was still present. The ligated DNA was mixed with SphI
enzyme(New England BioLabs) and the accompanying buffer and incubated for 16 hrs
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Figure 8. The Expected Product of the Mutagenesis Experiments.
If the mutagenesis worked correctly, the plasmid DNA should contain this sequence,
which includes Pstl, Hindlll and SphI restriction enzyme target sites indicated by the
arrows. The double digestion will use Pstl and Hindlll leading to the loss ofthe SphI site
as well as the broken front end of the lac Z gene.
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at 37°C. We also performed a patch test to check the lac Z phenotypes ofthe cells
containing the ligated DNA. To do this, we picked colonies from the transformation
plates and made a small streak on a section of a plate divided into a grid. Colonies were
patched on LB ampicillin plates with X-Gal only andX-Gal and IPTG added to the
plates. Cells that are lac Z positive will produce a blue colored colony in the presence of
IPTG, while the colonies may be white or light blue on plates with X-Gal only. From the
colonies patched, a few' candidates were tested for their levels of P-galactosidase levels.
To get cells for the measurement of p-galactosidase levels, we used a cell culture in
logarithmic phase growth that had been subcultured from an overnight into LB and
grovm at 37°C and 250 rpm. When A6oo reached 0.2, EPTG was added to the media to
induce the cells. One milliliter samples were removed from the cultures at various
intervals (2, 5, 10, 30, and 60 min) after induction (one sample was removed before
induction as time 0) and then put on ice to stop cell activity. We then read the OD6oo for
the samples with the Cary 50 Spectrophotometer. We began p-galactosidase assays
(according to Miller, 1992): put 0.5 mL cells in 13-mm test tube containing 0.5 ml ofZ
buffer. Two drops of chloroform and 1 drop of0.1% SDS were added to the solution and
the solutions were vortexed for 10 seconds to lyse the cells. We then added 200 pL of
ONPG to each tube (noting time), which started the reaction. Tubes were checked
periodically for the solution to change from colorless to a sufRcient yellow color(used
para-nitrophenol for comparison) and then had 1 M NaaCOs added to stop the reaction,
again noting time. Absorbance readings were taken at 420 nm and 550 mn. Using the
following equation, we determined the p-galactosidase units ofthe samples: Miller P-gal
units = 1000(A42o-1.75A550)/ Aeoo * Vceiis * t(in min). The final test was to perform PCR
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amplification of the sequence between lac I and lac Z and run a gel ofthe candidates*
control sequence along with the corresponding fragments ofthe pUCroRX(591bp),
pUC18(119bp), and parent(437bp) plasmids ofthe candidates to determine whether the
construct is correct based on the length of the fragment.

RESULTS
The PCR with primers mmuml 1 and mmuml2 on the lambda DNA template
produced a fragment that was 117 base pairs long (visible on Figure 9)to be used for the
mutagenesis process. The QuikChange Mutagenesis with the PCR products resulted in
approximately 20 transformants, of which we picked 10 as our potential candidates for
further study. Plasmid DNA was extracted from these cells and digested with EcoRI. Of
the ten candidates that we screened, 2 ofthem seemed to not be cut by EcoRI(Figure 10).
The gel in Figure 9 shows the PCR products ofthe two Or-Iuc 0-Cro candidates(5 and
8)lie at a level between the two pUCroRX fragments(326 base pairs and 623 base pairs).
The two candidates were digested with PstI and Hindlll and the segment removed
was replaced by mmuml3 by ligation. This should have resulted m the loss ofthe SphI
site. A SphI digest ofthe ligated candidate plasmids showed that the plasmids were cut
with the SphI restriction enzyme (gel not shown). The patch test resulted in six Or-Irc
O-Cr0"lac Z candidate colonies producing a light blue color on X-Gal plates only and a
darker blue on the plates with IPTG added to X-Gal. Figure 11 shows the gel for the
PCR amplification test. The candidate fragments 5-1 through 5-3 and 8-1 each produced
2 bands, while 5-5 produced no bands and 5-4 showed one large band at the same level of
the lower bands of the first 4 candidates mentioned.
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Figure 9. Verification of OR-iac O Candidate DNA.
To further verify the two candidates from the previous screening, the segment of DNA
between lac I and lac O was amplified by PCR (primers shown by blue arrows). We
determined that candidates 5 and 8 should be between 400-450 base pairs(bp)long based
on the length of the DNA fragments that should be contained in the plasmids ofthe
candidates. Because pUCroRX has two sites for the lac0 primer to bind, it produces 2
fragments at 326 bp and 623 bp (A). These two fragments were run on a gel and the
resulting bands were used to compare with the candidate DNA. The lambda fragment
was amplified as a control to make sure the PCR worked, and the 2 controls are
previously amplified lambda fragments added to ensure that the gel was nin correctly.
The lane with the Haelll marker was loaded with too much DNA and so the bands ran
together on the gel (B).
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Figure 10. Gel to Screen Or-Iuc O Plasmid Candidates.
To screen the 10 plasmid candidates for the correct mutagenesis product, they were
digested with EcoRl and run on a 1% agarose gel. The first lane of each pair is the uncut
plasmid DNA and the second lane contains the cut DNA. The last 2 lanes contain
pUCroRX also digested with EcoRI; tliis plasmid contains the EcoRI site and so all
candidates that have similar banding patterns (like # 10) are not desired. No bands can be
seen for most candidates. The cut DNA of candidate 5 has the same banding pattern as
the uncut, which means that the EcoRI site was lost, and therefore this candidate is most
likely the correct mutagenesis product. Wliile it is hard to s6e on this photograph,
candidate 8 also has the same banding pattern in the cut and uncut lanes.
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Figure 11. The PCR Fragments of Or-Iec O-lac Z Candidates Are Not as Expected.
Another PCR amplification test was repeated with the candidates and controls amplifying
the region between lac I and lac Z, with primers as dashed arrows (A). The numbers by
the bands indicate the number of base pairs that the amplified fragment contains. The
lanes labeled 5 and 8 are the original candidates (before ligation). The six Oa-lac O-lac Z
candidates should have produced a single band slightly higher than the bands of the
parental fragments (5 and 8) because the ligation would have inserted a longer fragment
of DNA than was removed by the Pstl/Hindlll digestion. Instead, 4 of the 6 produced 2
bands, both lower (and therefore shorter) than the parental bands, while one (5-4)
produced one band which was lower, and one (5-5) produced no band at all. The Haelll
markers were produced by digesting a plasmid with the Haelll enzyme, which produces a
number of fragments that can be used to compare with unknown DNA fragments (B)
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DISCUSSION
The bands of the gel in Figure 10 are not completely clear, but it can be seal that
the pUCroRX plasmid was clearly cut by EcoRI. The tenth candidate has a banding
pattern similar to pUCroRX, and therefore, does not have the desired sequence. By that
same token, candidates 5 and 8 have definitely different banding patterns from
pUCroRX, and so these two were checked by PCR amplification. Figure 9 shows that
these candidates again have the same banding pattern, and both fall within the sequence
range expected (approximately 400-450)since they are at a level between the 2
pUCroRX fragments at 326 and 623 bp.
Our attempts to construct an OR-lac 0-Cro-lacZ plasmid have been unsuccessful
thus far. Since the plasmids were cut by SphI, that indicates that the site was not lost and
therefore that either the double digest was unsuccessful or some amoimt ofthe excised
DNA eluded the purification process and was thus reinserted during ligation. The patch
tests, however, reveal that there was an intact lac Z gene, and so the ligation was
successful. The host cell (Electroten) could not have produced the blue colonies because
its lac Z gene had a deletion of31 amino acids, rendering it inactive. The p-galactosidase
assay was done as a better method of detecting lac Z activity. We thought that thae
might have been a problem in the procedure—^most likely that the cells were not lysed.
We checked this by using other lysing agents shown to work well(Schwaneberg et al
2001), but none ofthem improved lac Z activity (data not shown). The lack ofactivity
agrees with the SphI digest data that the lac Z gene was not repaired. Our final PCR
amplification test provided the most conclusive evidence that the plasmid mdeed did not
have the desired sequence. The candidates produced 2 bands, when there should only
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have been one (Figure 11), which in itselfis a clue that there is something wrong. More
evidence of the plasmid sequence being incorrect is the fragment’s location on the gel. If
either candidate had the correct sequence,then at least one ofthe bands should have been
higher than the band ofthe parent DNA since the fragment would be longer.
Therefore, since the parent DNA is correctly positioned on the gel based on the
number of base pairs, its sequence is correct, and there was most likely some error or
unforeseen reaction that occurred when we tried to repair the lac Z gene. Further studies
would include going back to the parent DNA and attempting to repair the gene a second
time, in the same manner. Ifthe same outcome occurs, it may be necessary to analyze
each step to determine where, if any,the error occurs.
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CHAPTER 4; Conclusion

The Cro protein is an integral player in the genetic switch ofthe bacteriophage
lambda, helping to determine the path the phage will follow in its life cycle once it infects
a host cell. We know that Cro is a slow folding protein. The focus ofour study was to
determine what role, if any, this slow folding had on Cro’s ability to compete against
lambda Repressor in the race to control the fate ofthe virus.
In the first phase ofstudy, we tried to change the probability oflysis(or the
lysogenization frequency) by varying the amount ofthe peptidylprolyl isomerase SlyD in
the cell. The basis for this method was that PPIases are known to increase the rate of
folding of Cro in vitro (Satumba and Mossing 2002), and should therefore accelerate its
activity in vivo as well. Our tests showed that the presence or absence of SlyD did alter
the fi-equency oflysogenization significantly. However,further studies are necessary to
validate these findings.
We also began the construction of a plasmid that would enable us to focus
specifically on the transcnption-to-active-protein lag time of Cro. This system couplc3
the lambda operator sequence with the lac operon in order to have a way to visibly
observe the activity of Cro. It has been determined that the plasmid we currently have
does not have the correct sequence; so, further work will be done to remedy this problem
Once the plasmid is complete, it can

be used for the study of Cro activity by way ofa p

galactosidase assay. Other possible studies include altering the plasmid so that it has
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cro

mutants to compare with the normal cro gene for a more complete picture ofthe role that
folding and assembly may have in this lysis-lysogeny decision oflambda’s genetic
switch.
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